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External capsuleAbstract Purpose: To assess fronto-temporal connectivity in never-medicated patients with first
episode schizophrenia (FES).
Material and methods: Twelve never-medicated patients (median age = 25.5 y) with first episode
schizophrenia (according to DSM-IV system) and sixteen demographically matched controls were
enrolled in the study. Conventional MRI sequences were obtained. Single shot echo-planar DTI was
acquired in 32 non-collinear directions. Tractography of the direct pathway of the superior longitudinal
fasciculus (SLFd) and uncinate fasciculus of both hemispheres was performed, andROIs at the anterior
cingulum and external capsule of both hemispheres were drawn. Fractional anisotropy (FA), radial
diffusivity (RD), axial diffusivity (AD) and Trace of the ROIs and reconstructed tracts were calculated.
Group comparison was performed using independent sample t-test and Fisher’s exact test.
Results: Compared to healthy participants, there was significant reduction of FA of the left external
capsule (p= 0.001) with increase in RD and Trace (p= .004, .048 respectively). However, the right
SLFd showed significant reduction of AD (p= 0.005) and the left SLFd showed significant reduction
of its volume (p= 0.02).
Conclusion: In patients with FES, impaired whitematter connectivitywas recognized in the right SLFd
and left external capsule associated with reduction in the volume of the left SLFd.
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256 S.A. Mohammad et al.1. Introduction
Schizophrenia is a serious and disabling neuropsychiatric
illness characterized by cognitive dysfunction, hallucination
and delusion with devastating consequences on the psycholog-
ical and financial resources of the patients and community (1).
The definite etiology of schizophrenia is not known. However,
in 1906 Wernicke proposed that a disruption of fronto-
temporal connectivity may partly explain some of the primary
symptoms of schizophrenia (2). Since then, there has been
growing evidence suggesting that abnormal brain connectivity
may be the cardinal abnormality in schizophrenia (3).
Compared to conventional MRI, diffusion tensor imaging
is a newly developed MRI technique that facilitates in vivo
analysis of white matter fiber tracts in the brain. There are
three methods used for quantitative analysis of DTI data:
Voxel-based analysis, Tractography and ROI-based approach
(4). Quantification by Fractional anisotropy (FA) is used as an
indicator of fiber integrity (5). Several reports that included
patients with chronic schizophrenia found FA reduction of
the left uncinate fasciculus and superior longitudinal fasciculus
(6–9) which represent major white matter tracts connecting the
frontal and temporal lobes. Also fractional anisotropy reduc-
tion was documented in the right external capsule and right
anterior cingulum (10,11). Other reports found no significant
differences in FA between patients and healthy participants
(12,13).
Compared to studies with chronic schizophrenia, there are
few reports that investigate white matter integrity in patients
with first-episode schizophrenia (14–18). Moreover, there are
paucity of reports that investigate white matter integrity in
never medicated patients and their results are inconsistent
and inconclusive (19–22), probably as a result of clinical
heterogeneity of the studied patients or different DTI
approaches and methods of analysis. In addition, few reports
have assessed other diffusivity indices (axial, radial, and mean
diffusivity) as other indicators of white matter integrity
(14,16). We assume that the investigation of white matter in
never medicated patients with first episode is important for
understating the core pathophysiology of schizophrenia.
The aim of this work was to study the integrity of white mat-
ter tracts connecting the frontal and temporal lobes in a group
of never-medicated patients with first episode schizophrenia.
2. Material and methods
2.1. Participants
After ethical committee approval, a prospective study was con-
ducted from January 2013 to May 2015. Twenty Egyptian
patients with first episode schizophrenia who had never
exposed to medication and 16 age and gender matched con-
trols having similar socioeconomic standard and degree of
education were enrolled in the study. All patients and control
subjects are right handed, and have IQ above 90. All patients
were diagnosed by psychiatrist using information obtained
from clinical history and examination according to the diag-
nostic classification of DSM-IV system (23). Patients with his-
tory of head injury, neurological disorder or substance abuse
that may affect the white matter integrity were excluded from
the study. Patients with metal implant and claustrophobiahindering MRI examination were also excluded. MRI studies
with poor image quality (e.g. due to gross motion artifact)
were also excluded. All healthy participants had no history
of medical or psychiatric disorder and no family history of psy-
chiatric disorder.
2.2. MRI acquisition
MRI was conducted on 1.5 T magnet (Achieva, Philips
Healthcare, Eindhoven, The Netherland) using 8-channel
SENSE head coil (SENSE acceleration factor of 8). The con-
ventional MRI included the following sequences Axial FLAIR
(TR/TE/IT: 11,000/130/2800 ms), slice thickness (5 mm); 3D
SPGR in the axial plane (TR/TE/FA: 22/9/30), slice thickness
(1.6 mm). DTI single-shot echo-planar (TR/TE: 10,782/107)
was then acquired (DTI high protocol). Diffusion weighted
images in 32 non-collinear direction with b= 800 s/mm2 and
a baseline b0 image were obtained. Seventy axial slices with
2 mm slice thickness were obtained parallel to the anterior–
posterior commissure line, with field of view of 230 mm 
230 mm and in-plain resolution = 2.5  2.5  2.5 mm.
2.3. Image analysis
DTI and conventional MRI sequences of each individual sub-
ject were transferred to offline Windows-operated personal
computer for further analysis using DTI Studio software pro-
duced by this laboratory (H. Jiang and S. Mori, Johns Hopkins
University and Kennedy Krieger institute, http://godzilla.ken-
nedykrieger.org or http://lbam.med.jhmi.edu) (24). The images
were first visually inspected for apparent artifact and the raw
diffusion weighted images were first co-registered to b0 images
and corrected for small subject motion using automatic image
registration (AIR). Fractional anisotropy (FA), color FA,
radial diffusivity (RD), axial diffusivity (AD) and Trace maps
were then calculated in the native space (Fig. 1).
Radial diffusivity is calculated by averaging the two main
Eigen values. RD is an indicator of myelin concentration.
Axial diffusivity (AD) represents the diffusivity along the main
eigenvector and it is an indicator of axonal integrity. Trace (a
measure of overall diffusion) is the sum of diffusion in three
direction and it’s proportional to the mean diffusion
(k1 + k2 + k3)/3 = Trace/3 (20,25).
2.3.1. Tract based analysis
Uncinate fasciculus and SLF are two important tracts connect-
ing the frontal and temporal lobes. SLF is a combination of
three individual pathways (the direct, anterior and posterior
segments). The direct pathway of the SLF (SLFd) connects
Wernicke’s and Broca’s territories (26). Tractogrophy of the
uncinate fasciculus (Fig. 2) and SLFd (Fig. 3) for both cerebral
hemispheres was performed using two-ROI approach accord-
ing to the previously described protocol with high repro-
ducibility which was adopted by Wakana et al. using the
Fiber Assignment by Continuous Tracking (FACT) method
(27). The average FA, RD, AD and Trace were calculated
for each tract. To study the physical properties of each tract,
fiber length, volume and density were obtained. Fiber volume
was calculated as the number of voxels occupied by each tract.
Fiber density was calculated as the mean number of fibers per
voxel.
Fig. 1 DTI post processing maps for a control subject. (a) Color map: red color represents fibers passing in mediolateral direction; green:
anterior posterior; blue: craniocaudal direction. (b) Fractional anisotropy. (c) Radial diffusivity. (d) Trace. (e) Axial diffusivity.
Fig. 2 Demonstration of placement of the region of interest ROIs for the left uncinate fasciculus in a control subject (a) coronal color
map at the most posterior plane at which frontal and temporal lobes are separated. The first ROI (long arrow) and second ROI (short
arrow). (b) Uncinate fasciculus is superimposed on sagittal fractional anisotropy map.
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Fig. 3 Demonstration of placement of the region of interest ROIs for the direct pathway of the left superior longitudinal fasciculus in a
patient (a) axial color map shows the location of the selected coronal slice at the middle of the posterior limb of internal capsule (arrow).
(b) The selected coronal slice shows the location of the first ROI (arrow). (c) Second ROI (circle) is drawn on axial slice at the level of the
anterior commissure (arrow). (d) The direct pathway of the superior longitudinal fasciculus is superimposed on sagittal fractional
anisotropy map.
258 S.A. Mohammad et al.2.3.2. Region-of-interest (ROI) based analysis
In addition to tractography, we applied the ROI approach to
study selected white matter regions (the external capsule and
anterior cingulum) for both hemispheres. For precise anatom-
ical localization of the chosen ROIs, brain normalization into
ICBM-DTI-81 atlas space (22) (International Consortium of
Brain Mapping) was first performed using DiffeoMap soft-
ware (Li X, Jiang H, and Mori S: Johns Hopkins University;
www.MriStudio.org). ROIs were manually drawn on the
patients’ images after registration (hybrid approach) as
previously described (28) by using ROI Editor Software
(Li X, Jiang H, and Mori S: Johns Hopkins University;
www.MriStudio.org). The right and left external capsules
were manually drawn at the image number 66 of the
normalized axial images (Fig. 4). The right and left anteriorFig. 4 Demonstration of the placement of regions of interest (ROI) fo
in axial plane that is normalized to template space shows ROI for the
that is normalized to template space shows ROI for the anterior cingul
ROIs of the right and left external capsule, and right and left anteriocingulum was manually drawn at sagittal image numbers 98
and 84 respectively (Fig. 4). The anterior and posterior
borders of the anterior cingulum ROIs were demarcated by
the vertical plane through genu of the corpus callosum and
the vertical plane passing through the anterior commissure
respectively (Fig. 4) (11). The FA, RD, AD and Trace values
were calculated for each ROI.
2.4. Statistical analysis
The measured variables between patients with schizophrenia
and healthy participants were compared using two sample
Student’s t-test and Fisher’s exact test when appropriate by
using the Statistical Package for Social Sciences (SPSS v.17;
Chicago, IL).r the ROI based analysis in a patient. (a) A skull stripped FA map
right and left external capsules. (b) A skull stripped sagittal image
um. (c) Skull stripped Coronal normalized FA map shows the four
r cingulum.
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Twenty never-medicated patients with first-episode schizophre-
nia with a median age of 25.5 years (age range = 22–34 years;
SD = 2.96 years), and 16 demographically matched control
with a median age of 25 years (age range = 19–36 years;
SD = 4.5 years) were enrolled in the study. There were no sig-
nificant differences between patients and healthy participants in
relation to the mean age (t= 1.23, df= 24, p= 0.23), gender
(p= 0.15), socioeconomic status or education.
Tract maps of the uncinate and SLFd for the right and left
cerebral hemispheres were constructed, and the results of FA,
RD, AD, and Trace of each tract were calculated, in addition
to fiber length, volume and density of the individual tracts
(Table 1). The AD of the right SLFd was significantly lower
in patients than in healthy participants (t= 3.06, df= 27.34,
p= 0.005) (Fig. 5), with no significant difference in the FA,
RD and Trace. The volume of the left SLFd was significantly
lower in patients than in healthy participants (t= 2.41,
df= 32, p= 0.022) (Fig. 6), and its density showed trend
toward significance to be lower in patients than in normal sub-
jects. Regarding the uncinate fasciculus, there was no statisti-
cally significant difference in any of the calculated
biomarkers between patients and healthy participants.
Regarding ROI statistics (Table 2), FA of the left external
capsule is significantly lower in schizophrenia patients than in
healthy participants (t= 3.56, df= 34, p= 0.001). The RDTable 1 Results of tract based analysis of twenty never-medicated
Tract Patients
Right SLFd FA 0.5
RD 5.26  104
Trace 2.23  103
AD 1.18  103
Length in mm 94.2
Density 7.4
Volume 575.52
Left SLFd FA 0.51
RD 4.99  104
Trace 2.23  103
AD 1.18  103
Length in mm 96.2
Density 8.2
Volume 708.95
Right uncinate fasciculus FA 0.47
RD 5.76  104
Trace 2.38  103
AD 1.23  103
Length in mm 56.56
Density 8.17
Volume 527.3
Left uncinate fasciculus FA 0.48
RD 5.50  104
Trace 2.30  103
AD 1.12  103
Length in mm 55.16
Density 6.95
Volume 565.95
AD: axial diffusivity; FA: fractional anisotropy; RD: radial diffusivity; S
* P value < 0.05 is considered significant.and Trace were found to be significantly higher in patients
than in healthy subjects (t= 3.11, df= 34. P= .004) and
(t= 2.05, df= 34, p= .048) respectively (Fig. 7). There was
no significant difference of FA, RD, Trace and AD of the ante-
rior cingulum between patients and healthy participants.
4. Discussion
Studying the white matter integrity is important in understand-
ing the pathogenesis and neurobehavioral manifestation of
schizophrenia (14). Diffusion tensor imaging has been widely
used in psychiatric research to study white matter integrity.
Many studies including postmortem investigations of
schizophrenia reported abnormalities in white matter in both
frontal and temporal regions emphasizing the importance of
fronto-temporal connectivity in the pathophysiology of
schizophrenia (1). In this study, we chose two important tracts
connecting the frontal and temporal lobes (SLF and uncinate
fasciculus). The SLF is a major language processing white mat-
ter tract in the brain, and an association between SLF abnor-
malities and auditory hallucination was found. Uncinate
fasciculus is thought to play an important role in memory
and emotions (1). ROI approach was applied to investigate
specific white matter regions that have been implicated in the
pathogenesis of schizophrenia (external capsule and anterior
cingulum). External capsule comprises fibers from the uncinate
fasciculus, SLF and inferior fronto-occipital fasciculus (29).schizophrenia patients and sixteen matched control subjects.
(SD) Control subjects (SD) P value
0.03 0.51 0.03 0.36
0.3 5.29  104 0.36 0.76
0.08 2.28  103 0.08 0.13
0.05 1.21  103 0.02 0.005*
9.63 93.8 8.3 0.91
5.88 9.07 5.08 0.42
440.33 744.25 452.15 0.31
0.03 0.52 0.02 0.26
1 5.2  104 0.23 0.43
0.11 2.25  103 0.07 0.51
0.05 1.21  103 0.03 0.13
9.8 90.56 8.7 0.091
4.9 10.98 3.7 0.078
415.8 1042.73 379.75 0.02*
0.03 0.47 0.017 0.336
0.32 5.65  104 0.35 0.346
0.09 2.38  103 0.08 0.938
0.04 1.24  103 0.05 0.477
9.7 59.72 8.8 0.319
2.28 7.57 3.04 0.503
183.02 515.69 230.82 0.867
0.02 0.49 0.019 0.527
0.34 5.56  104 0.23 0.603
0.01 2.34  103 0.08 0.224
0.04 1.23  103 0.05 0.64
12.07 57.67 14.57 0.577
3.08 7.86 2.92 0.377
273.8 593.31 254.44 0.760
LFd: the direct pathway of the superior longitudinal fasciculus.
Fig. 5 Mean (95% confidence intervals) axial diffusivity mea-
surements obtained from the direct pathway of the right superior
longitudinal fasciculus in control subjects and patients with first
episode schizophrenia.
Fig. 6 Mean (95% confidence intervals) tract volume measure-
ments obtained from the direct pathway of the left superior
longitudinal fasciculus in control subjects and patients with first
episode schizophrenia.
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mal connectivity of the anterior cingulum in patients with
chronic schizophrenia (11). We utilized a protocol with high
reproducibility for tractography (27) to study white matter
alterations along specific tracts. In addition, we adopted image
registration to a template space to avoid subjective errors in
ROI placement.
We found significant structural changes in the terms of
reduction of FA with increased RD and Trace in the left exter-
nal capsule with no significant difference in axial diffusivity.
This indicates decreased white matter integrity as a result of
myelin breakdown rather than loss of axonal integrity in this
region (20). This finding also can be supported by theoligodendrocyte degeneration and myelin damage which was
reported by Uranova et al. via performing an electron micro-
scopy study (30). Our results are in agreement with those of
Federspiel et al. (16). Also, a study done by Holleran et al.
(10) dealing with 19 patients with chronic severe schizophrenia
revealed similar findings but on the right external capsule.
On the contrary to the measurements obtained from the left
external capsule, we have found that axial diffusivity was signif-
icantly reduced in the right SLFd in patients than in healthy par-
ticipants. This finding suggests that diffusion changes may be
resulted from changes in axonal number, size or compactness
as previously postulated (20). These results are in accordance
with the previous report of increased fiber attenuation shown
by postmortem studies investigating white matter architecture
in patients with schizophrenia (31). Moreover, we have found
no significant changes in FA as the changes in AD, may be
not enough to induce changes in fractional anisotropy. Changes
of axial diffusivity without FA or RD changes were previously
reported in subjects with high risk of developing schizophrenia
(25), and so our findings of decreased AD in patients with
FES possibly represent an early stage of the natural history of
the disease process. To the best of our knowledge, changes in
AD of the SLFd were not previously documented in patients
with schizophrenia.
Compared to the right SLFd, the volumeof the left SLFdwas
found to be reduced without any diffusivity changes in patients
compared to normal subjects. Similar finding was previously
reported but in patients with chronic schizophrenia (32).
We have found no statistical difference in FA or other
biomarkers of the uncinate fasciculus, and anterior cingulum,
or right external capsule between patients with FES and
healthy subjects. These findings were in accordance with prior
reports (15,17). Other reports found significant difference
between patients with FES and healthy subjects (18–22). Luck
et al. (33) found significant difference in uncinate but not ante-
rior cingulum. These contradictory results may be not
explained by the use of different methods of analysis or soft-
ware programs used alone (34), but also can be related to
the variation in schizophrenia patient populations (in terms
of age and clinical heterogeneity). Most changes of FA are
more appreciated in patients with chronic schizophrenia rather
than FES (35,36). In other words, the changes in white matter
anisotropy can be too subtle to be detected in early stages of
the disease. Other explanation can be related to the sample size
that may be not large enough to detect subtle differences.
The small number of patients is considered one of the lim-
itations of the present study, but this is a problem inherent in
the study of patients with FES who have never been exposed to
medication. In addition, the correlation between various diffu-
sivity indices and the clinical history (the presence of hallucina-
tion or the degree of cognitive affection) was not investigated
in this study and this will be addressed in a coming work.
To summarize, the main strength of our study lies in study-
ing young never-medicated patients with first-episode
schizophrenia omitting the effect of chronicity and psychotic
medications with their known effects on white matter integrity.
Most papers were focusing on FA changes, however we inves-
tigated other biomarkers in terms of RD, AD, and Trace in
addition to tract volume and density by adopting a repro-
ducible method of tract based analysis and manual ROI draw-
ing after image registration eliminating the subjective bias of
ROI placement.
Table 2 Results of ROI-based analysis of twenty never medicated schizophrenia patients and sixteen matched control subjects.
Tract Patients (mean) Patients (SD) Control subjects (mean) Control subjects (SD) P value
Right external capsule FA 0.39 0.05 0.41 0.049 .165
RD 6.58  104 0.55 6.43  104 0.53 .429
Trace 2.53  103 0.12 2.52  103 0.11 .815
AD 1.21  103 0.05 1.23  103 0.04 .208
Left external capsule FA 0.38 0.05 0.43 0.04 .001*
RD 6.67  104 0.49 6.15  104 0.51 .004*
Trace 2.53  103 0.10 2.45  103 0.12 .048*
AD 1.12  103 0.05 1.22  103 0.05 .117
Right anterior cingulum FA 0.44 0.08 0.42 0.08 .363
RD 5.73  104 0.88 5.94  104 0.77 .469
Trace 2.27  103 0.20 2.31  103 0.16 .585
AD 1.12  103 0.07 1.12  103 0.08 .958
Left anterior cingulum FA 0.48 0.05 0.46 0.05 .437
RD 5.46  104 0.43 5.74  104 0.66 .143
Trace 2.27  103 0.11 2.34  103 0.18 .129
AD 1.17  103 0.08 1.2  103 0.09 .355
AD: axial diffusivity; FA: fractional anisotropy; RD: radial diffusivity.
* P value < 0.05 is considered significant.
Fig. 7 Mean (95% confidence intervals) measurements obtained from the left external capsule in control subjects and patients with first
episode schizophrenia. (a) Fractional anisotropy; (b) radial diffusivity; (c) Trace.
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Compared to healthy participants, patients with FES showed
increased RD and Trace of the left external capsule, and
decreased AD of the right SLFd along with decreased volume
of the left SLFd indicating impairment of white matter
integrity in these areas. Further correlation of these findings
with clinical symptoms can be beneficial for better understand-
ing of the pathogenesis with its possible implications on
therapy.
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